Hole spins have gained considerable interest in the past few years due to their potential for fast electrically controlled qubits. Here, we study holes confined in Ge hut wires, a so far unexplored type of nanostructure. Low temperature magnetotransport measurements reveal a large anisotropy between the in-plane and out-of-plane g-factors of up to 18. Numerical simulations verify that this large anisotropy originates from 1 arXiv:1607.02977v1 [cond-mat.mes-hall]
tion with a height of about 2 nm above the wetting layer (WL) and are fully strained. These structural properties should lead to a very large HH-LH splitting minimizing the mixing and as a consequence the non Ising type coupling to the nuclear spins. Despite this interesting perspective, not much is known about the electronic properties.
Here, we study three-terminal devices fabricated from Ge HWs. Scanning transmission electron microscopy (STEM) images verify that during their formation via annealing no defects are induced. From magnetotransport measurements a strong in-plane versus out-ofplane g-factor anisotropy can be observed and numerical simulations reveal that the lowenergy states in the HWs are of HH type. The calculated results are consistent with the experimental data and confirm that confined holes in Ge are promising candidates for spin qubits. (e) Schematic representation of a processed three-terminal device studied in this work. The Ge HW which is grown on a Si substrate and its source and drain electrodes are covered by a thin hafnium oxide layer. The top gate covers the HW and partly the source and drain contacts.
The Ge HWs used in this study were grown by means of molecular beam epitaxy on 4 inch low miscut Si(001) wafers as described in Ref. 29. 6 .6Å of Ge were deposited on a Si 4 buffer layer, leading to the formation of hut clusters. After a subsequent annealing process of roughly three hours, in-plane Ge HWs with lengths of up to 1 micrometer were achieved. In the last step of the growth process, the wires were covered with a 5 nm thick Si cap to prevent the oxidation of Ge. Figure 1 For the fabrication of three-terminal devices, metal electrodes were defined by electron beam lithography. After a short oxide removal step with buffered hydrofluoric acid, 30 nm thick palladium (Pd) contacts were evaporated. The gap between source and drain electrodes ranges from 70 to 100 nm and is illustrated in Figure 1 (d) . The sample was then covered by a 10-nm-thick hafnium oxide insulating layer. As a last step, top gates consisting of Ti/Pd 3/20 nm were fabricated. A schematic representation of a processed HW device is depicted in Figure 1 (e).
The devices were cooled down in a liquid He-3 refrigerator with a base temperature of about 250 mK equipped with a vector magnet. The sample characterization was performed using low noise electronics and standard lock-in techniques.
In the following, the results of two similar devices are presented that only differ slightly in the gap size between source and drain; the two devices have channel lengths of 95 nm and 70 nm, respectively. A stability diagram of the first device is shown in Figure 2 The number of confined holes is indicated in white and the relevant crossings are labeled with roman numerals. (b-e) Differential conductance measurements versus V G (x-axis) and V SD (y-axis) for crossing IV and B z = 0, 1 and 2 T, and B x = 3 T, respectively. Similarly, (f-h) shows the differential conductance of the lower half of crossing III versus V G and V SD for B z = 0, 1 and 2 T and (i) for B x = 3 T. Measurements of crossing II are shown in (j) for 0 T and in (k) for B y = 9 T. Likewise, (l) and (m) show the lower part of crossing I at 0 T and B y = 9 T, respectively. For all measurements shown in (b-m) the gate range is roughly 6 mV. In (n) the used nomenclature for the magnetic field orientations is illustrated. (o) Dependence of the Zeeman energy E Z of the GS in crossing IV versus B z . The g-factors are extracted from the linear fit (red line). The measured g-factors for the three different magnetic field orientations as well as the resulting anisotropies z/x and z/y are listed in (p) for crossings I to IV. 6 level spacing between the ground states (GS) and the first ES is up to 1 meV. Since at more positive gate voltages the current signal becomes too small to be measured, we cannot define the absolute number of holes confined in the QD. In order to get additional information, the device was cooled down and measured at 4 K by RF reflectometry. 30 The reflectometry signal did not reveal the existence of additional holes beyond the regime where the current signal vanished. Thus, we estimate that in the discussed crossings the number of holes is about 20, i.e. the QD states form most likely from the first subband.
For holes the band structure is more complex than for electrons. At the Γ-point, the HH and LH bands are degenerate. This degeneracy can be lifted by strain and confinement.
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The HH states in compressively strained two-dimensional hole gases lie lower in energy than the LH states, making them energetically favorable. 32 However, further carrier confinement can induce a strong mixture of HH and LH states.
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In order to investigate the nature of the HW hole states, their g-factors were determined via magnetotransport measurements. In the presence of an external magnetic field B the doubly degenerate QD energy levels split. For more than 15 diamond crossings the Zeeman splitting was measured for the three orientations illustrated in Figure 2 (n). In Figure 2 In addition, from the position of these extra lines the Zeeman energy E Z = gµ B B can be extracted with µ B the Bohr magneton and g standing for the absolute value of the g-factor.
By plotting the Zeeman energies versus the magnetic field and by applying a linear fit to the 7 data, the hole Landé g-factor can be determined [see Figure 2 (o)]. For crossing IV and an out-of-plane magnetic field we determine g ⊥ = 3.07 ± 0.31. The same type of measurements result in a slightly higher value of the g ⊥ -factor for the diamonds with a smaller amount of holes. Compared to the out-of-plane magnetic field, the in-plane directions have an almost negligible effect on the hole state splitting as shown in Figure 2 (e) for crossing IV and in (i) for crossing III, both at B x = 3 T. Due to the thermal broadening, the split lines can be barely resolved. Therefore, an upper limit of the g-factor is given for these cases.
The lower parts of crossings II and I at B y = 9 T are shown in Figure 2 QDs, 23, 25 it is observed that HWs have larger g ⊥ and much larger anisotropies, which are both characteristics of HH states.
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In order to validate whether our findings are general characteristics of HW devices, also a second device was measured. From the listed g-factor values, two interesting observations can be made. a) As for the first device, the g ⊥ -factor is decreasing for a higher number of holes and b) the g -factors have clearly increased for a larger number of holes. As a consequence, a decrease of the anisotropies to less than 3 was observed for the 2N+5 hole state, indicating a more LH state.
In order to get a better understanding of the measured g-factor values and their anisotropies we consider a simple model for hole states in HWs. Taking into account the HH and LH bands of Ge and assuming that the HWs are free of shear strain, our model Hamiltonian in the presence of a magnetic field is
It comprises the Luttinger-Kohn Hamiltonian, 34 the Bir-Pikus Hamiltonian, 35, 36 and the confinement in the transverse directions V (y, z), for which we take a rectangular hard-wall potential of width L y and height L z for simplicity, i.e., V (y, z) = 0 if both |y| < L y /2 and |z| < L z /2 and V (y, z) = ∞ otherwise. We note that −H refers to the valence band electrons, and a global minus was applied for our description of holes (which are removed valence band electrons). In Eq. potential, we choose a convenient gauge A = (B y z − B z y, −B x z/2, B x y/2), and we note that 
with orbital part
where the n z ≥ 1 and n y ≥ 1 are integer quantum numbers for the transverse subbands and k x is a wave number. Equation (3) applies when both |y| < L y /2 and |z| < L z /2, otherwise ϕ nz,ny,kx = 0. The spin states |j z are eigenstates of J z and satisfy J z |j z = j z |j z , where
In order to analyze the low-energy properties of H, we project it onto the 36-dimensional subspace with n z ≤ 3 and n y ≤ 3. This range of subbands is large enough to account for the most important couplings and small enough to enable fast numerical diagonalization.
The band structure parameters of (bulk) Ge are The result that hole states with j z = ±1/2 are so much higher in energy than those with While g is indeed small in our experiment and g ⊥ g is indeed observed, the measured value of g ⊥ is significantly smaller than the one obtained from the pure-HH approximation.
When we diagonalize the 36×36 matrix, we find that the in-plane g-factors are close to 3q, as also expected, e.g., from studies of the in-plane g-factors in narrow [001]-grown quantum wells. 38, 41, 42 Our results for g agree well with the experiment and are consistent with the HH character of the low-energy states. Rather surprisingly, however, even though the low-energy eigenstates consist almost exclusively of either |3/2 or |−3/2 when the magnetic field is applied along z, we also find that the resulting g ⊥ ∼ 15 is indeed smaller than the value expected from the pure-HH approximation. The reason is that, in fact, the tiny admixtures from the LH bands are not negligible for the g-factors, as illustrated in Fig. 4 and described in the following. When the magnetic field is applied along the z axis, the Zeeman-split states of lowest energy consist mostly of |−3/2, 1, 1, 0 and |3/2, 1, 1, 0 , respectively. It turns out that the corresponding g ⊥ is strongly affected by the couplings
because they satisfy |C + | = |C − | in the presence of B z and therefore lead to different LH admixtures in the low-energy eigenstates of the HW. 39 The splitting between the basis states |±1/2, 2, 2, 0 and |±3/2, 1, 1, 0 in our model is predominantly determined by the confinement and can be approximated by ∆ = 2 π 2 (4m
second-order perturbation theory, 38, 39 we therefore find that the couplings of Eq. (4) lead to a correction
to the out-of-plane g-factor g ⊥ 6κ + 27q/2 + g C . With the three Luttinger parameters γ 1,2,3
of Ge, this formula yields g C −6.5, which is a substantial reduction of g ⊥ due to orbital effects. 18, 43 Of course, H couples |±3/2, 1, 1, 0 not only with |±1/2, 2, 2, 0 but also with other states. However, even when we take a large number of 10 4 basis states into account (n y , n z ≤ 50) and calculate the admixtures to |±3/2, 1, 1, 0 via perturbation theory, we find that the sum of all corrections to g ⊥ is still close to g C , i.e., Eqs. (4) and (5) describe the dominant part.
We note that if the HH-LH splitting in our model were dominated by the strain, such that ∆ in Eq. (5) were much greater than the splitting caused by the confinement, the correction to g ⊥ from LH states would be suppressed and the model Hamiltonian would indeed approach the pure-HH approximation for the low-energy states. 39 Moreover, we found in our calculations that magnetic-field-dependent corrections to the g-factors are negligible given our HW parameters. This is consistent with /(eB) > L y /2 for B ≤ 6.5 T, where /(eB) is the magnetic length, and agrees well with the experiment [see, e.g., Figure 2 
(o)]
While the result g ⊥ ∼ 15 from our simple model is already smaller than g ⊥ ∼ 21 from the pure-HH approximation, it is still larger than the measured values. We believe that this consists of a HH state with spin |−3/2 whose probability density has a peak at the center of the HW cross section and a LH state with spin |−1/2 and four peaks near the corners (analogous for the excited state shown on the right, pseudo-spin up). The plots for the probability densities are dimensionless and correspond to L z L y |ϕ 1,1,0 | 2 and L z L y |ϕ 2,2,0 | 2 , respectively [Eq. (3)]. We find |α ± | 2 > 0.99 for typical parameters, so the LH admixtures are very small. However, due to |C − | < |C + | caused by B z , the LH admixtures |β − | 2 < |β + | 2 differ slightly, as illustrated by the different plus signs (green) and the different LH contributions (black, not to scale) in the arrows for the pseudo-spin. This difference is associated with a substantial reduction of g ⊥ , see g C . The gray plus signs of equal size in the background refer to the initial couplings which are reduced or enhanced, respectively, in the presence of B z .
remaining deviation is mainly due to the following three reasons. First, given the small height of the HW, the eigenenergies in our model approach or even exceed the valence band offset ∼0.5 eV between Ge and Si, 15 and so the hole wave function will leak into the surrounding
Si. This certainly leads to a reduction of g ⊥ , because the values of κ in Ge and Si have opposite signs. 37,38 Second, we used here the parameters of bulk Ge for simplicity. However, the strong confinement changes the gaps between the various bands of the semiconductor, which among other things may lead to a substantial rescaling of the effective band structure parameters. 38 Improvements can be expected from an extended model that also involves the split-off band and the conduction band. 43, 44 Finally, although our assumption of a long HW with a rectangular cross section is a reasonable approximation for the elongated HW QDs realized here, the details of the confinement along all three spatial directions can provide additional corrections. Taking all these elements fully into account is beyond the scope of the present work and requires extensive numerics.
In summary, having analyzed our HW model in detail, we can conclude that it reproduces all the key features of our experimental data and provides useful insight. It predicts a large g-factor anisotropy with g close to zero and g g ⊥ < 6κ, as seen in the experiment. The spin projections calculated with our model suggest that the low-energy states of HWs are almost pure HHs and that the tiny admixtures from energetically higher LH states lead to a substantial reduction of g ⊥ , which is a consequence of the orbital part of the magneticfield-coupling. Finally, keeping in mind the finite potential barrier between Ge and Si, a possible explanation for the increasing g and the decreasing g ⊥ observed experimentally
with increasing occupation number is that the confinement caused by the Ge/Si interface becomes less efficient as the eigenenergy of the hole increases (also due to the Coulomb repulsion which leads to an additional charging energy if more than one hole is present).
Hence, a larger occupation number may change the effective aspect ratios of the HW QD experienced by the added hole and, thus, increase its HH-LH mixing.
The work was supported by the EC FP7 ICT project SiSPIN no. 323841, the EC FP7 project and the Swiss NSF. We acknowledge F. Schäffler for fruitfull discussions related to the hut wire growth and for giving us access to the molecular beam epitaxy system, M.
Schatzl for her support in electron beam lithography and V. Jadriško for helping us with the COMSOL simulations. Finally, we would like to thank G. Bauer for his continuous support.
Supporting Information Finite element simulations of the strain in a HW
The two images in Figure 5 represent COMSOL simulations of the out-of-plane (left) and the in-plane (right) strain distribution of a capped HW. For our theoretical model we have extracted an out-of-plane value of 2 and an in-plane value of -3.3 percent. 
Matrix representation of spin operators
We use the following matrix representation 38 for the operators J ν . The basis states are |3/2 , |1/2 , |−1/2 , and |−3/2 .
In the derivation of the pure-HH Hamiltonian [Eq. (39)], we consider the Pauli matrices
where |3/2 and |−3/2 are the basis states.
Calculation with electric fields
It is well possible that an electric field E z along the out-of-plane axis was present in the experiment. When the direct coupling −eE z z and the standard Rashba spin-orbit coupling Couplings C ±
Here we explain the calculation of the matrix elements C ± that are presented in Eq. (4) of the main text. When the magnetic field is applied along the z axis, the Hamiltonian is
and the vector potential is A = (−B z y, 0, 0). Consequently,
and k
Using the matrices for the spin operators J ν listed in Eq. (6), one
whereas
z . Therefore,
where the wave functions [see Eq. (3) of the main text] of the basis states are
inside the HW (|z| < L z /2, |y| < L y /2) and ϕ 1,1,0 = 0 = ϕ 2,2,0 outside. We note that ϕ 1,1,kx | ∂ x ∂ z |ϕ 2,2,kx vanishes for arbitraryk x after integration over the y axis due to the orthogonality of the basis functions for the y direction. Thus, using Eqs. (9) and (10) in Eq. (16) yields
With the integrals (analogous for z)
we finally find
and so
This is the result shown in Eq. (25) , considering that the Bohr magneton is µ B = e /(2m).
As explained in the above derivation, the first term on the right-hand side results from the part proportional to ∂ y ∂ z {J y , J z } in the Hamiltonian H, while the second term results from the part proportional to B z y∂ z {J x , J z }.
Correction g C to the out-of-plane g-factor
In the previous section we derived the couplings
assuming that the magnetic field is applied in the out-of-plane direction z. In order to calculate the associated correction g C to the g-factor g ⊥ , we consider a four-level system with the basis states |3/2, 1, 1, 0 , |−3/2, 1, 1, 0 , |1/2, 2, 2, 0 , and |−1/2, 2, 2, 0 (see also 
where the asterisk stands for complex conjugation and
are the energies on the diagonal. We assumed here that xx = yy = and omitted the state-independent offset 15b /4. The introduced effective masses are
obtained after diagonalization of Eq. (26) is
where we defined ∆ ± = E e,± − E g,± .
With σ z as a Pauli operator that is based on the low-energy eigenstates, Eq. (31) can be written as
The effective Zeeman splitting and the out-of-plane g-factor g ⊥ are therefore determined by
From Eq. (27) , it is evident that E g,+ − E g,− = 6κ + 27 2 q µ B B z .
Given our parameters for Ge HWs, we find that the splittings ∆ ± are predominantly determined by the confinement rather than the strain and that they can be well approximated 
is the correction that results from the B z -induced difference in the tiny LH admixtures (|±1/2, 2, 2, 0 ) to the eigenstates of type |3/2, 1, 1, 0 and |−3/2, 1, 1, 0 . We note that |C ± |/∆ < 0.05 for our parameters, and so the perturbation theory used in the derivation of H 2×2 eff applies. Remarkably, our result for g C depends solely on the Luttinger parameters γ 1,2,3 .
Hamiltonian for pure heavy holes
If the contributions from LH states (j z = ±1/2) are ignored completely, the Hamiltonian of Eq. (1) in the main text can be simplified by projection onto the HH subspace, i.e., by removing all terms that cannot couple a spin j z = 3/2 (or j z = −3/2, respectively) with either j z = 3/2 or j z = −3/2. As evident, e.g., from the standard representations of the 4×4 matrices J ν and the 2×2 Pauli matrices σ ν [see Eqs. (6) and (7)], this projection can be achieved by substituting {J x , J y } → 0 (analogous for cyclic permutations), J 
